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,AhStrdct- Aryl hydrocarbon (bemv[a]pqrcne) hydrox) last induction in one mouse hepatomu and II\ o 

rat hcpatoma cell lines was characterized with respect to optimal growth requircmcntb and optimal 
inducing concentrations of polycyck hydrocarbons. phenobarbital. hiogcnlc amincs, and numcl-ous 
other hydrophobic compounds. Cordqcepin. ethidium bromide and purom)cin aminonuclcoide treat- 
ment of the mouse tumor line Hepa-l produce stribinglq different eil’cct\ on the kinetics of h)drou?lase 
induction, when the inducers benr[a]anthracene. phenobarbital and i%-protercnol arc compared With- 
out any of these ‘usual inducers’ present in the mouse hepatoma cell line. 0.X) to 50 mM puromycln 
aminonucleoside or 40 nM actinomqcin-D cause\ large increases in the hydroxylase acti\lty (at ;I 
time when gross RNA synthesis is \irtuallq 100 per ccni Inhlhitcd and gas!, protein \ylhc\ia 1, 
more than 50 per cent inhibited). This an7inontrcleo~l~i~- or aclinom~cin-D-mcdinted ~nduc~lon procca 
Induction, when the inducers henr[a]anthracct~c. phcn~~harhital and -i\oprotcrenol are compared. u’ltll- 
i\ithout prior treatment with the usual inducers and hence presumably Milhout prior- accumuIat1on 
of putative induction-cpecilic RNA: moreover. this induction proccsr apparently require5 little. 01 no. 

\rmultaneous RNA synthcsls during cxpo\urc to the ilrnlnOlllicIcostdc or actinom\cin-D. In contra\t. 
when primary cultures derived from normal rat liter arc trcatcd with Gmilar high conccntrallon\ 
of the aminonucleoside. no induction of the hydroxylase activity occurs. This result suggest\ tha1 
the elrect of puromycin aminonucleoslde on h4droxylaae-specific mRNA s>nthesls. procealng or atabill- 
ration is very different between the hepatoma cell lint and norm:11 fetal rat primar) hcpatocc~c\ 111 

culture 

Recent reports from this laboratory [l-4] show that 
a,ryl hydrocarbon (benzo[a]pyrene) hydroxylase K- 
tl\~tyQ accumulates (or is ‘induced’) in cultured fetal 
rat liler cells treated with polycyclic hydrocarbons 
such as 3-methylcholanthrene and benz[a]anthracene. 
the insecticide 2,2-bis(p-chlorophenyl)-I.l,l-trichloro- 
ethane @,p’-DDT). phenobarbital or biogenic amines 
such as tryptamine. isoproterenol. norepinephrine and 
histamine. ?-Methylcholanthrene, phenobarbital and 
biogenic amines all cause increases in hydroxylase 
activity that are additive or synergistic when two or 
three of these types of inducers are combined in the 
culture medium [l. 2,4], indicating different modes 
of action for these different classes of inducers of 
mono-oxygenase activities [S, 61. The action of pal!- 
cyclic hydrocarbons. phenobarbital and biogcnlc 

* Pre\lous papers in this series have appeared [I ~4. 7 91. 
+ With benzo[a]pyrenc as the substrate irl rirro. ‘arll 

hydrocarbon hqdroxylase activity’ is equated with the rate 
of formation of Shydroxybenzo[a]pyrenc and probahlq 
other phenols having similar wavelengths of fluorescent 
activation and emission. These phenols ma) he formed 
either by a direct h!droxylation or in a two-slep procer\ 
via an arene oxide. 

$ The abbreviations used a-c: the hydroxyla\c. aryl 
hqdrocarhon (benzo[a]p)rene) hydroxylaac: mctyraponc. 
~-methyl-1.2.3.3.pyrid~l-I-propanone: and cordycepln. 
i’-deox!ndcnosinc. 

amines on hydrox! lase induction appearx to in\ ol\c 
transcription L-11. since each of the induction pro- 
ccsscs is inhibited uhen actmompcin-D 15 added 
simultaneously with the inducer init;ally [ 3. 31. There 

also appears to be a post-translation;II elliict. because 
each of these three types of inducers can slow the 
regular rate of deca! of induced h)droxqIaac :IC~IL it! 
[3,4]. Further. if the enryme actl\it> ih tirst maxi- 
mally induced bq any one of these three type5 ol 
inducers and then RNA qnthesis is blocked h! 

actinomvcin-D. ;I ditl’ercnt inducer hubquenrl) 
added c>n direct. presumably at the post-transcrip- 
tional Icvel. a l’urther rise in the hydroxylasc acti\itl 
143. The advantages of established cell linej (from rat 
or mouse hepatomas or from adult rat liver) in study- 
ing hydroxylase induction [7] and cytochrome P,-350 
formation [X] hale been recently dcmontratcd: 
furthermore, the extremely 101~ basal hydrox~ hsc 
activity of the H-4-11-E cell line and the sensiti\e IriAe 
in inducible enzyme activity in response to inducers 
suggest the potential usefulness of lhis tumor ceII Iine 
in assaying minute amounts of \ariona I‘oreigi com- 
pounds [9] which arc inducers. 

The compounds cordycepin [IO]. ethidium hro- 
mide [I I], puromycin aminonuclcoside [I?] and 
actinomqcin-D [ 131 arc known to inhibit RNA syn- 
thesis b> varioLa rather specific mechanisms. ax 
demonatratcd in the rcrcrcnces cltcd. In this report. 



WC lirst dcscribc the optimal conditions for \tud> ins 
the h!dro\y lasr induction in three hcp~~toiii~~-ci~r~~cci 
ccl1 lines. Second. with the 11~2 of the52 various inliib- 

to13 coninionl~ uwd in tissue culture \tudic\. 1st 4io\\ 
ditferencez bet\\cen these ‘cla~w of iiioii~,-o~~g~na~e 
inducers (ix. pol\~cwlic h~drocarhon~. plicnobarb~~~~l _ . 
and biogenic amine\) in an attempt to clucidatc 

further the wbcellular mcchaniw~\ in\ol\cd in the 

cnlr\imc induction proc’t’+. 

~:~PFxI\IE.\‘l \I. I’KO< k:III’KI.. 

.2ltrrc~r~itr/.\ 

The tissue culture matt’rial~ [2 4. 71 a11d all of tbc 
chemicals [4. 131 iised in this stud! wcr~‘ obtained 

from the wurws cited. The compounds cord! cepin. 

qclohexiniide and ethidiiim bromide vxrc piirchavxi 
from Sigma Chemical Co. (St. Louis. MO.): purom! - 

tin aininonucleo~idt: from Nutritional Biochcniical 

Corp. (Clc\rland. Ohio): and actinom)un-D from 
C‘alBiochem Co. (Lo5 Angeles. Calif.). Nonlinall! 
labeled I -[B-.‘H]phen\ lakminc ( I2~69 C‘i m-molc~ and 

uniformly labeled [ “Cluridinc (400 mC‘i m-molc~ 
Lucre purchased from New England Nuclear (Hoston. 
Mass.). Hepa-l. ;I mouse cell line derived from the 

transplantable BW 7756 hepatoma or~ginall) pro- 

duced in the C57L .I mouse [ 151. I\ 3s hindlq pro\ i&xl 
in l9?1 hq Dr. Grctchcn Darlington. Department 01 
Biolog). Yale Uni\er!,it> (NW Harcn. C’onn.~. W-l- 

II-E. ;I rat cell lint dcrl\ed [I61 from Koubcr hcpa- 

toma H-35. was gencrousl~ gi\cn to us b\ Dr. I:. 
Brad Thompson. National i‘ancc‘~- In$titutc (&thcstlx. 

Md.1. hl H I C‘,. ;I clone of epithelial cells from the 

transplantable Morris hcpatoma 7795 originall! prep- 
duccd in the BufWo strain of rat [I?]. \\a5 purchawd 

from the American Type Culture C‘ollcction C‘cll 

Repositor) (Rock\ille. Md.). Taconic Farm\. Inc. 
(Germantown. N. Y.) provided LIX with pregnant 

Sprague Daw Icy ratk 

:IJc~/wt/\ 

/‘rxyx~fxrio,l qf cw~l/IoLrut/Y i/l y,Y~wf/l IW~lllflll cod 

/~rdlirq of t/w CI,// /iw\. For those chemicak that 
did not dksolvc readily in the culture medium. the 

compounds Mere initially disxolwd in ;I minimal 

amount of acctonc. ethanol or diiiiCthLIsiIlf0YidC ~iiid 
then added to the growth medium. These organic 
solvents at conccnttxtions of 05”,, or les5 ~ii tht’ 

medium were shown not to haw any clkct on the 
parameters under in\cstigation. Because of the 

propensity for j-,iicthqIcholanthrcnc and bcnr[~~]- 
anthraccne to bind to glass or plastic. the actual con- 
centration of tht‘w polyqclic b!drocarbons dissol\cd 
in the medium \~a\ alway determined by y’cctro- 

phototluorotnetrq. The possible toxic zlkcts of the 
various compounds at evei-! conct’ntrntion tested 
\lere evaluated daily with the use of light microscop!. 
protein determiiiations v,hen the culturc5 wrc 
har\atcd. and frequent 3%min cbechs on groa KY4 

and protein synthcGs. Addition of the Inducing coni- 
pounds was al~+ays carried out about 3X hr ;rfkr the 
plating of the hepxtoma cell lines or the primary rat 
liver cultures [:! 4. 7 91. For any cxposurc lasting 
more than 24 hi-. thu medium xi\ replaced \\ ith fircsh 
medium containing the compound(s) e\cr! 74 hi-. In 
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Fig. I. Inducible hydroxylase activity as a function of 

inducer concentration in the growth medium. Hepa-l or 
H-4-11-E cultures were treated with the inducing com- 

pounds 3-methqlcholanthrene (MC), benr[a]anthracene 

(BA). phenobarbital (PB), tryptamine (TR) or lsoproterenol 
(ISO) for 48 hr. Cqtotoxicity was evident at I.5 mM trypta- 

mine and l-5 mM Isoproterenol. 

cultures grew most slowly (generation time of 3SS45 
hr) of the three lines investigated. we chose not to 
use MH, C, further in this study. H-4-11-E cultures 
have a doubling time between 18 and 24 hr; the 
Hepa-l line has a generation time between 24 and 
33 hr. 

O/)tirntr/ intluc,rr (.ol1(,elltl.~ltioJl. Figure 1 shows the 
optimal inducing concentrations of the compounds 
most commonly used in this study. The results for 
MH, C, cultures (data not shown) were quite similar 
to those for Hepd-l and H-4-11-E cell lines. 

Figure 2 shows that the combination of pheno- 
barbital plus 3-methylcholanthrene in the medium 

1 

Fig. 2. Additive effects of phenobarbital (PB) and 3.methyl- 
cholanthrene (MC) in the culture medium on inducible 
hydroxylase activity. The Hepa-l cells were assayed for 
enqme activity after 48 and 72 hr of treatment with con- 

trol medium (CM). 2.0 mM phenobarbital. 2.0 btrn ?-meth- 
vlcholanthrene or 2.0 mM phenobarbital plus 2.0 /tM 
?methylcholanthrene. The H-4-11-E cultures were assayed 
for enzyme activity after 24 and 4X hr of treatment with 
control medium, 2.0 mM phenobarbital. 4.0 PM j-methyl- 
cholanthrene or 2.0 mM phenobarbital plus 4.0 )tM 

3-methylcholanthrenc. 

induces the hydroxylase actl\ity to Ic\cl\ L~IIICI~ arc 

approximately the sum of those induced h! elthcr 
phenobarbital or 3-methylcholallthr~iic alone. Phc 
kinetics of hydroxylase induction hale hecn 11111~ 

trated prebiously [7]: the maximal lcccl of ~nduccd 
enzyme activity IS usually attained in .; ita\\ rol 
Hepa-l cultures and in 2 da\s for H-4-11-E cctl;. Thlh 
fact is the reason for cho&inp (SW Fig. 21 the tlnlc 
points 4X and 72 hr for Hepa-l and 23 ;md 48 111 

for H-4-11-E cultures. Thir ‘additi\c’ ctYcct IOr phcm’- 
barbital plus Smeth! Icholanthrene had been Il~und 
before in the intact animal I_‘] mci ill Ihal r;lt 

primary hepatocyte culture5 [I 2 ] and indicates sonic’ 

fundamental dilrercnce in the nicchani\n~ of acti~~il 
by \+hich thcsc two ‘classus’ 01‘ lllono-c~\~~~n~l~~ 

inducers [C.hJ exert their ctl’cct on the mducti~vl 
process. 

Irltllrc~riofl qf /I \Y/,YJ.\ \~/O\f, (/(‘I jr-it 1’ I)), 1111/11~‘1’~~11.\ ii \~l/rIb 
phobic c~ort~po~rr~t/.s. Figure 3 shows li\e other ‘inducer\‘ 
of the hydroxylase activity m Hepa-I and H-J-II-I, 
cell lines. Subtle differences hctween the t\\o cell line\ 
in fold induction and in the maximal CIV~IIIC ;tcti\ it! 

reached arc illustrated. The two mo\t Ggnilicant 
differences shown arc: (I ) ;I much grcatcl- rcspon\c 
of the induction process to mctyrapone III H-J-11-I: 
cells than in Hepa-l cells. and (31 ;I basal h~dro\~Iasc 
activity XL30 times higher in Hcpa-l culture\ than 
in H-4-11-E (also seen in Table I xnd his\. I and 

2). Because wc uished to study chanpc\ m the haul. 

as well as the induced, hydroxylasc acti\ it\ and 
because phenobarbital-induced hydrox! 1;~ :;cti\ it! 
was considerably higher in Hcpa- I. the ticpa- I rather 

200 r -- Hepa -, 

r-? 

CPBT BNF PPO 

F-ig. 3. InductIon of hqdroxqlaac actl\lt> ~11 I Icpa-I .~nd 

H-4-11-E cultures by 500 JIM metyraponc IMTI’I. IO0 /1h1 
I-(2-lsopropylphenyl)imldarole tIPl1. I.0 mM 2-1l’-chl~~o~ 

phenyl)benaothiarole (CPBT), 50 /IM /I-~iaphtholla\~,n~ 
(BNF) and IO0 ILM 2.5.dlphenqloxa/ole I PPOI. (‘ontr<~l 
ceils remained in control medium (CM) ~)nl!. The \aluc\ 

shown are taken from ccIJs expoacd 10 optimal intlucln: 
concentrations for each compound for 1X hr. aI which 11mc 

the enqme activity was maximal or nearly maslmal. (‘IIII- 
toxicity. as determined hq the parametcrr \et fat-11; in 
‘Experimental Procedure.’ wa\ not obsertcd at the\c 0p11- 
mal inducing concentrations for an> of the\c c~~rnpou~~d~ 
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Fig. 4. Elkct of cordycepin on hydroxylase induction in 
Hepa-l cultures by 13 /rM bcn7[a]anthracene (BA. 0). ‘7.0 
mM phenobarbital (PB. n ) or I.0 mM isoproterenol (ISO. 

A) and on gross RNA and protein synthesis. Concen- 
trations of 10 and 100 I’M cordycepin in the presence of 
each inducer arc shwn wth open symbol\. Cordycepin 

alone had no eRecr on the control enzyme activity. In this 

and in suhacquent figures, none of the inducers. henz- 

[alanthraccne. phcnoharhital or isoproterenol, affected the 

changch in gross RNA synthesis (i.e. [‘“Cluridine mcor- 

poration into trichloroacetic acid-precipitahle material) 
and gross protein synthesis (I.e. [-‘H]phenylalanine incor- 

poration into trichloroscetic acid-precipitable matcriall 

to be increased significantly ahow normal. This 
stimulatory effect was not found with 100 /IM cor- 
dycepin. This phenomenon might be explained on 
the basis of labile inhibitors of transcription and 
translation. At low concentrations of cordycepin, the 
synthesis of a labile mRNA responsible for such labile 
protein inhibitors might be preferentially blocked, 
compared with the relative degree of inhibition of 
other cellular mRNA’s: at high concentrations of cor- 
dycepin. this preferential inhibition is not seen 
because synthesis of the majority of cellular mRNA’s 
is now impaired. 

produced bq the metabolic inhihltor under study. 

than the H-4-11-E cell line was used for the remainder 
of the studies in this report. 

C‘orc/~~~pir~ c;f/&~s. Cordycepin, an analog of adeno- 
sine, suppresses the labeling of cytoplasmic mRNA 
and nuclear HnRNA by blocking the synthesis of the 
poly(A) segment of mRNA [19-221. Cordycepin also 
[ I7, IX] may function in part by inhibiting mRNA 
transport from the nucleus [23,24]. Such short-term 
studies (e.g. 6 hr) exclude the possibility that cordyce- 
pin affects the rate of mRNA translation and ascribe 
the inhibition of protein synthesis to inhibition of 
mRNA-poly(A) synthesis and, hence. availability of 
mRNA to the polysomes. Prolonged cordycepin treat- 
ment (cg. g-cater than 12 hr) may affect rRNA syn- 
thesis and degradation [75]. However, it has been 
previously shown 13, 261 that rRNA synthesis is 
probably not critical to aryl hydrocarbon hydroxylase 
induction over a 34-hr period. 

It is of further interest in Fig. 4 that cordyccpin, 
although known to afTect mRNA synthesis quite 
specifically, causes significant changes in gross protein 
synthesis as well. These important alterations in both 
gross RNA and protcm synthesis were illustrated pre- 
viously in actinomycin-D- and cycloheximide-treated 
fetal rat liver cultures [3]. We. therefore. emphasize 
the necessity to monitor frequently gross RNA and 
protein synthesis any time a test compound is added to 
cells in culture. We realize that the monitoring of gross 
RNA and protein syntheses maq not be accurate, if 
large changes occur in the respective precursor pools. 
Further studies with this consideration in mind are 
planned for actinomycin-D. cordycepin. cthidium 
bromide and puromycin aminonucleoside in Hepa-I 
cultures. 

Figure 4 shows that the rise in hydroxylase activity 
in phenobarbital-treated cultures is relatively resistant 
to 100 /IM cordycepin, compared with benz[a]anthra- 
cent- and isoproterenol-treated cultures. Hence. after 
a 24-hr treatment of the cells with phenobarbital plus 
100 /rM cordqcepin. aryl hydrocarbon hydroxylase 
induction was about 60 per cent of that by phenobar- 
bital alone. Hydroxylase induction by benz[a]anthra- 
cent comb&d with 100 !tM cordycepin was about 
30 per cent of that by benz[a]anthracenc alone, and 
induction by isoproterenol was totally blocked by this 
concentration of cordyccpin. During this time gross 
RNA synthesis was 50 per cent inhibited for 6 hr 
and full) recovered by 24 hr. and gross protein syn- 
thesis NTIS 50 per cent inhibited for the 24-hr period. 
One interpretation of these data is that the induction 
process by bcnz[a]anthracene or isoproterenol in 
Hepa-l cells ih more sensitive to inhibition of poly(A) 
synthesis than is induction by phenobarbital. 

Ethitlim hromidr c:&rs. Ethidium bromide is an 
effective inhibitor of total nucleic acid synthesis in 
a variety of organisms [Il. 27, 281. At concentrations 
as low as 0.6 ,uM, however, ethidium bromide \cry 
selectively inhibits synthesis of the 17s and 21 S RNA 
species in mitochondria of cultured HeLa cells. 
whereas no inhibition of the incorporation of labeled 
precursors into nuclear RNA is detectable 1291. Ethi- 
dium bromide also inhibits poly(A) synthesis 1301. 
Large and distinctive differences in the kinetics of 
hydroxylase induction occurred in ethidium bromide- 
treated cells (Fig. 5). when the inducers benz[a]- 
anthracene. phenobarbital and isoproterenol were 
compared. Hydroxylase induction by benz[a]anthra- 
cene was inhibited hy I. 2 and 6 ,uM rthidium 
bromide only after 6 or 12 hr: the induction process 

It is of interest that IO /tM cordycepin caused gross 
RNA synthesis to be impaired for the first 612 hr, 
after which a significant stimulation occurred, and 
that 10 /tM cordycepin caused gross protein synthesis 

Fig. 5. Elfect of ethidium hromlde on hydroxylase mduc- 
tlon and on gross RNA bind protein synthesis in Hepa-l 
cultures. Inducing concentrations and the abbrcvlations for 
henz[a]anthracene (o), phenobarbital (U) and Isoproter- 
cnol (A) are the same as those in Fig. 4. Concentrations 
of 19, 24 and 64 itM ethidium bromide in the presence 
of each inducer are shown with open symbols. Ethidium 
bromide alone had no effect on the control enLyme x- 
tivity. Gross RNA synthesis (i.e. [“Cluridine incorpor- 
ation) and gross protein synthesis (LC. [‘H]phenylalamine 

incorporation) are shown at right. 

x09 



by phenoburbital was totally blocked bq. 1 /JM cthi- 

dium bromide. as well as at the higher concentrations 

(ml sliowii): the enzyme induction by isoproterenol 

\\‘;Is rclativcly inscnsiti\c to the inhibitor. about 60 

per cent being blocked in 24 hr by 6 /tM cthidlum 

bromide. These data arc included in this report 

because thq were reproducibly obserkcd. but WC ha\,e 

no simple csplanations for such widely divcrsc rc- 
sponzcs to cthidium bi-amide in the prcsencc: of thcsc 

three ‘t\i,pcs‘ of mono-ouygxw inducers. 

Also 111 Fig. 5. I or 2 /IM ethidium bromide II;I~ 
\cr! small (IO 70 per ant) clti‘cts on gross RNA \\,n- 

thehis owl- the 2Uir period. Yet gross protein ,,ii- 

thesis I blocked about 50 and 70 pw cent. respcct- 

i\cl!. b! the end of the 24.hr experimtxt. 

I’rwo/lf \.c,i,? tr,llirlo,7lrc~/c,c)sir/c cfkaf. Puromycin 

aminonLiclcoside prel’ercntiallg inhibit\ I-RNA SJ n- 

thais [I?. 31 331 and cytoplasmic mRNA appear- 

ance [22]. presumabl! actinp as a compctitivc analop 
of adcnocinc and a&nine. and ha\ no direct ctt‘cct 

on yror\ piwtcin \\ ntliai\ [ .3-t. -35 1. I-iyurc 6 sho\+s 
that h!droylasc mcluctlon 1~) phenobarbital 1’1 US- 

niticnntly blocked b! concentrations ol’ purom!cin 
~uminonilclcoside bet\lecn I and I00 ,rM. The induc- 

tion process by ben/la]anthraccne and isoproterenol. 

on Ihe other hand. is cssrntially unatfectcd I~\ IO mid 
100 ,uM concentrationx of puromycin ;miinOnucltx- 

side rapwti\cly. ,\ transient elfcct on both gross 
RN.4 xnd protcin s)nthews W;I~ found bvith I ,I~M 

puromyin ~u7iinoiiiicleclsicie: I00 /tM puroni) tin 

;Iminonucleo~ids persistently inhibited gross RNA 
\ynthesis bq at least 50 per cent for the ~&III- expcri- 

ment. ahercas littlc cll‘cct on gross protein synthea 

\I ‘is SCCIl. ‘ 
At levels of puromycin aminonucleoside grcatei 

than I00 /tM. WC obscr\ed paradoxically less inhihi- 

tion 01‘ hydroxqlase induction b) bcnzja]anthracenc, 
phenobarbital or isoprotercnol. This could be 

e*plaincd IF-i? 7) b! our disuncry that purom>cin 

aminonucleoside itxlf ix an inducer at concentrations 

between 0.5 and 31 mM. In fact. the h)droxylase x- 
ti\ it! in Hepa-l cells treated with 5.0 mM purom!cin 

aminonu~lcosidc IV;IS induced in 23 hr to about the 

DAWI W. Ni.lri K r 

same lcvol as that inductxi by bcnrta]anthraccnc. in 

spite oi the fact that gross RNi\ h! nrhaij M;I\ tc)tall! 

blocked and gross protein synthesis 11 ;I\ more than 

80 per cent inhibited. After maximal induction of’ the 

hydroxylasc activity b\ phenobarbital or bcn/[ a]- 

anthracene. addition of c~clohcsimidc plus the 

aniinoniicleoside did not imprdc the norm;11 tratc (11 

h)droaylasc deca! 1dat:i not illustratedl. Thi\ rcwlt 

ditrers from that when ben/[a]anthr~rccne. phcnobar- 

bital or norepincphrinc combined Edith cyclohcximidc 

is added to cells containing full> induced h!dl-ox! Iax 

activity [I -I]. The third fi-amc 01‘ Fig. 7 shw 5 that 

the induction pi-ocess by 24 mhl puromycin 

~uniii~~iiti~l~~~sid~ is not sensiti\e to actinom!cin-I> 

but is readily sensiti\c to cyclohcximldc: thi\ wgsc$t\ 

the dependence on ne~vl~ s!nthesixd protein but not 

dcpendencc on ne\\l) s~nthcsized RNA. in ordu 101 

the hydroxylase induction bq prom~c~n xninonuc- 
Icosidc to occur. Puromycin ~uminonilcleoxi~i~ i\ the 

first compound MC h;i\c’ encountc’rcd that 1w, the 

capacit> to ‘induce’ the h!drnuvlaw acti\ it\ in cul- 

turcd cells Lvhen actinomycin-De 15 acld~~i \Imult;lnc- 

ously 11 ith the ‘inducer’. The Gmultanwus C~~C~WI~C 

of cells to ;I combination of 7.0 mM ~uminontlcleo~i~i~ 
plus cycloheximide ircsults in no cn/\me induction. 

This result is consistent wth ~111 data from l-xc\ lou\ 

stiidics: that the h\droxylasc induction pi~oc’c‘~~ C;III- 

not proceed any t-ime that more than 95 per cent 

of the total gross protein >Jnthe\i\ i5 mhibitcd 

The fact that actinomycin-I> :~lonc C;ILIX\ ;I tran- 

sient induction of h!drox)lasc acti\it\ (Fig, 7. 1‘ourth 

frame) indicates to us that actinom!cln-D. like pure- 

tnycin ~tminotiLicleoside. ‘inducts the ciiz! mc acti\ ilj 

by some mechanism occurring in the ncarl! towI 

absence of gross RNA sxnthesih. (‘1 clohc\imidc a1onc 

does not cause the h!drou~lastl ac;i\it! to riw Thcsc 

data rcpresont the first time at-> 1 hydrocarbon h! tlro\> - 
List2 acti\it! has been shown to ;iccumuI:itc’ pr2- 

sumably wtthwt first an accumttl;~tion of putati\c 

hydroxylase-specific RNA. The h\tlrox> law inductlw 
occurs when fetal rat liepatocytes [i] or IctaJ hxm\tcsl- 

secondary cultures [ 36, 371 art‘ cupowd tcr inducct 
plus qclohexitnidc. l’ollo\+eti b! rcplaccn~ent or the 
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Fig. X. Ell’cc~s or lov. ot- high concentrations of puromycin 
aminonuclcosidc(AI\i). alonc or combined with I3 /tM henz- 

[a]anthraccne (BA). on the hydroxylase induction in fetal 
rat primary hrpatocytc cultures. The elkcts of similar con- 
centrations t)f aminonucleoaide on gross RNA synthesis 
(ix. [‘YJuridinc incorporation) and gross protein syn- 
thc\i\ (i.c. [‘li]phenylalamine incorporation) are shown at 

right. 

inducer and cyclohcximidc with actinomycin-D. Also 
the h)droxylasc induction occurs when rat Iiver- 
dcri\ed cells [3X] are transiently exposed to cyclo- 
heximidc, followed by reptaccment of the cyclohcxi- 
mide with actinomycin-D. However. these experi- 
ments dilfer from those illustrated in Fig. 7 in that 
in the latter case we gave the Hepa-l cells no prior 
treatment during which an accumulation of putative 
mRNA might occur. 

Hepa-l is derived from a neoplasm. Does puromy- 
tin aminonucleoside also exert this dual etlect on nor- 
mal, nonmalignant cells in culture’! Figure 8 shows 
that low and ITigh concentrations of the aminonucleo- 
side both inhibit the hydroxylase induction by bcnz- 
[a]anthracene in fetal rat cultured primary hepato- 
cytrs. The concentration of nminonucleoside at which 
h@rosylase induction by bcnr[a]anthracene is only 
slightI\ aflected (i.e. 10 /tM) is the same in Hepa-l 
cells IFig. 6) and in these normal liver cultures (Fig. 
Xl. The aminonucleoside alone also does not induce 
the hydroxq lase acti\ it!. Hence, the apparent induc- 
tion of enqme activity by high concentrations of 
puromycin ~iminonucleoside in the Hepa- I cell line 
is different from the result in nonmalignant cell 
culture5 dcrivcd from normal rat liver. 

In this report we hale characterized. in cell tines 
derived from two rat hepatomas and one mouse hepa- 
toma. the optimal conditions for hydroxylase induc- 
tion: the medium and serum requirements and the 
inducing concentrations of a variety of hydrophobic 
inducers. The additive efyects of phenobarbital plus a 
polycyclic hydrocarbon on hydroxylase induction in 
Hepa-l and H-4-11-E cell lines observed in this study 
arc similar to the additive effects of these different 
types of inducers previously shown in fetal rat liver 
primary cultures [l. a] and in the intact animal [SJ. 
These observations indicate that these two established 
cell lines. as model systems for studying aryt hydro- 
carbon hyroxylase induction. are not phenotypically 
different from normal fetal hcpatocytes---in their 
capacity to respond via two different mechanisms to 
these tRo different types of inducers. With a biogenic 
amine (i.e. isoprotcrenol. cpinephrine or tryptamine) 

we could not demonstrate reproducibly that this third 
‘class’ of inducer in these established cell lines could 
cause additive efTects with phenobarbital and.‘or ;I 
polycyclic hydrocarbon. as had been shown [4] in 
normal cultured fetal rat hepatocytes. In some experi- 
ments, however. it MYIS clear that the biogenic amine 
being studied at certain concentrations did gi\c addi- 
tive erects with phenobarbital or benz[a]anthracene: 
thus. these established cell lines must have some 
potential to cxprcss the hydroxylaae induction by an 
apparent third mechanism of enzyme induction. 
Extensive experimentation with different and varying 
concentrations of biogenic amines shoncd that these 
compounds at optimally inducing concentrations 
sometimes caused slight adverse morphological 
effects. Therefore. we believe that the ditficutty in 
reproducibly demonstratin, L 0 ,tdditi\e etrects Mith any 
combination which inctudcd a biogcnic amine may 
reflect subtlc toxic etfccts not Ed ident bq light micro- 
scopy. 

Distinct differences in the response of the 1x1~ 

[alanthraccne-. phenobarbital- or isoproterenol- 
mediated induction process to such metabolic inhibi- 
tors as cordycepin, ethidium bromide and puromycin 
aminonucleoside further stiggcst that the mechanisms 
for these three types of induction processes arc indeed 
ditl‘ercnt. One possibility to consider is that the con- 
trol, benr[a]anthracene-, phenobarbital- or isoproter- 
enol-treated hepatoma culttircs ma) vary with respect 
IO the metabolism of OIVZ or more of the metabolic 
inhibitors used in this study. Figure 9 shows chemical 
structures of the compounds to which the cell cultures 
were exposed. The structures clearly olfer possibilities 
for common drug-metabolizing reactions such a:, ring 
hydroxylation. hydrolysis. amine oxidation, !V-dcalky- 
lation and glucuronidation. This possibility of meta- 
bolism may help explain, for example. the ~IILHI~~ 

ell‘ects of ethiditnn bromide on the hqdroxq last induc- 
tion by the three types of inducers (Fig. 5). 

Puromycin aminonucleoside does inhibit certain 
small molecular weight nonhistone nuclear proteins 
1391 in normal human WI-38 fibroblasts but does 
not inhibit this class of proteins in SV,,,-transformed 
WI-38 cells. In normal fetal rat cultured hepatocytcs 
(Fig. X). low or very high concentrations of puromycin 
aminonucleoside (ranging between IO /IM and 5.0 
mM) both inhibited completely the h\-drosqlasc in- 
duction bq benz[~i]anthracenc. This dill’crencc 
between etrects of the nucleosidc seen m normal li\er 
cells and in the ncoplastic Hep;i-I cell line (Fig. 6) 
is in some uays similar to the diff‘ercncc seen b) 
Cholon and Studzinski [22] and suggests that 
hydroxylase-specific mRNA synthesis. processing or 
stabilization is very difTcrent bet\\cen Hepa-l and 
normal fetal rat libel- primary cultures. 

At 5.0 mM conccntrutions, puromycin amino- 
nucleoside is as eltecti\e as benz[a]anthracene in 
inducing the h)droxylase activity (Fig. 7. left frame). 
The large dilTerences in the response of hydrox>lase 
induction- seen when one Larics the puromycin 
aminonucleosidc concentration occr a 1 /tM 5 mM 
range -suggest to us at Ienst two distinct cltcts of 
the aminonucleoside: ( I ) one ett‘ect secondary to inhi- 
bition of the synthesis of rRNA and or the poly(A) 
segment of mRNA by low (I ~100 /tM aminonucleo- 
side) concentrations. and (2) the other eil’cct in the 



nearly total ahsencc of gross RNA synthesis b) high 
(05 to 5 mM aminonucleoside) concentrations. 

Hydroxylase induction by 5.0 mM puromycin 
aminonucleoside occurs more rapidly than that bq 
benz[a]anthraccIic although gross RNA synthesis is 
inhibited more than 99 per cent and gross protein 
synthesis is inhibited 55 X5 per cent during the last 
IX hr of the 24-hr experiment (Fig. 7). There are 
several possible explanations for this ‘induction’ pro- 
cess to occur under such adverse metabolic condi- 
tions. Hepa-l cells possess at least five times more 
basal hydroxylase activity than any other cells WC 
ha\e examined in culture: this fact supports our feel- 
ing that Hcpa-l cells ha\c an unusually large pool 
of putative hydroxylase-specific RNA which is 
responsible for synthesis of the high basal en.+me 
activit\. High concentrations of puromycin 
aminonucleoside or actinomycin-D may stabilize in 
some manner thr existing mRNA for hydroxjlasc 
ucticity and allow more frequent translation of these 
templates to the exclusion of other mRNA‘s. Pcrhaps 
other mRNA species- which are far more labile than 
the hqdroxylasc mRNA species are no longer com- 
peting for polysomcs in the translational process and 
thus the rntc of h!droxylasc accumulation is stimu- 
Iatrd b! the rclati\ely more frequent translation ot 
the more stable hqdrouyl~lse-specific mRNA. Such a 
possibility may also explain the finding [40] that the 
rate ol‘ hydroxylasc induction by aromatic hydro- 
carbons in various cell cultures is stimulated in the 
presence of interferon. Another possibility is that the 
large depression in gross protein synthesis results in 
an enlarged tRNA pool such that a crucial tRNA, 
which is uwuHy rate limiting when aII mRNA 
molecules arc tranzlatod. i% now available in much 

higher amounts. Certain sterwi hormont’h in man- 
malian systems [41.42] stimulate the hynthe\is of hpe- 
cific isoaccepting tRNA molecules simuIt~uncousl! 
with the induction of hormonally induced protein\: 
these data suggest that ;t hpccilic species of [RNA 
may be rate limiting in wmc control mechanism tregw 
lating protein induction. Although the hypothesis that 
certain tRNA levels may bc rate limiting for enqme 
induction has not been tirmlv eztahlished. it has hew 
shown [43,44] with cell-ll-cc protein-sqnthe~i/iii~ 
systems irf ritr’o that the concentration of \pecilic 
tRNA can regulate the rate of mRNA translation. 
Thus. it is possible that rate limitln 2 ;imounts or spw- 
tic tRNA’s rcgulatt‘ protein \j nthcsis at the trans- 
lational level by slowing polypcptide chain slongation 
or alt‘ecting initiation. 

The hydroxylase induction h! high ~oncentratlon\itl~~li~ 
of puromycin atninonuclcoside or actinomycin-D 
may also result from ;I conccrtcd action of tran\- 
lational initiation factors plus the diminishing mRNA 
pool. Induction of ary1 hydrocarbon h!dro\> hxe 

activity in rat liver by pol\cyclic h!drocarhonh is . . 
associated with the stimulation of tv,o tran&tional 
initiation factors [45] ; thus. an incrcasc in ~yl~thesix. 
or decrease in degradation. 01 some Initiation 
factor(s) cotnbined with a higher ratio of h>d~-ox> law 

mRNA molecules to the total mRNA pool 
cause marked rises in hydrouylasc: activity under 

mglr 

qultc 
adverse metabolic conditions. Further studies to 
elucidate the mechanism of hqdroxk I;ISL‘ induction in 
liver-derived cultures treated with high doses 01 puro- 
mycin aminonucleoside ot actinomycin-D may hc 
important in understandin! the mcchani\ms of \uch 
proccsses as drug hepatotoulcit> and chemical or Liral 
carcinogcnesis. 
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